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ABSTRACT

Piezo induced deformations are proposed as a
means of achieving a higher degree of on-orbit surface
accuracy of inflatable antennas. A series Of tests were
performed on an inflated circular membrane and an
inflated tube, both made of ofl-the-she]f piezo filin.
Thesame configurations were also analyzed to validate
the tests. The concept was demonstrated qualitatively
mspite of a discrepancy between the analysis and test
results, most likely due to inaccurate knowledge of the
piczoclectric coeflicients of the film.

Numerical simulations are also reported herein,
which demonstrate the piezocontrol of au antenna de-
sign concept. A parametric study is carried out to
determine the most effective distribution of actuators
and their optima] gains required to correct given aber-
rations inthe surface of the antenna The proposed
approach is generaly suitable for making small local
adjustments in the. shape of the antenna

1. Introduction:

By comparison to mechanically erectable systeins,
inflatable structures have been shown [1] to have the
advantage of a much lower cost, weight, and packag-
ing volume, as well asmore favorable thermal gradi-
ents and damping characteristics. The use of inflatable
concepts for emergency slides in aircrafts or airbags in
cars is an evidence of their deployment reliability. In
space applications, an airbag systemn is currently un-
der consideration as amecans of attenuating theland-
ing inpact of NASA’s MESUR pathfinder spacecraft
onthe surface of Mars. The usc of such technology

Figure 1: An Inflatable Antenna Concept

in the construction of large, light weight,yet precisely
shaped antennas and reflectors can make many impor-
t ant space missions practical.

The precision inflatable antenna in Fig. (1) is an
example of a large lightweight antenna concept. De-
pending 011 the application, inflatable antennas or re-
flectors can be made to work at frequencies as high as
3 GHz (radiometry), or 100 GHz (comimunications).
Reference [2] shows that during ground tests, surface
deviations from the desired shape of such reflectors are
routinely about 1rnm rims. To go to higher frequencies
will require a step increasein the surface accuracy of
inflatable reflectors. Omnce attained, the required level
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of accuracy may be maintained by making periodic on-
orbit shape adjustments as the antenna is exposed to
thermal changes and possible aging of the polymeric
film.

The on-orbit adjustinent of an inflatable space an-
tenna can bemade by several techniques. Varying the
inflation pressure can enable substantial adjustment
of the focal length by making global shape changes
[2]. Unfortunately, this will do little to correct unsyin-
metric distortions. The use of electrostatic charge to
change the shape of a deployed reflecting membrane
has also been examined [3]. ‘I'he idea was to pull on
sections Of the deployed membrane by applying a static
electric charge to certain regions of an adjacent paral-
lel membrane. The technique was partially successful
and was not sufficiently lightweight.

The concept explored in the present paper offers a
potentially lightweight and simple technique to correct
local aberrations in the shape of an inflated membrane
by shrinking or stretching sections of the mermbrane
or support structure, ‘I’his can be done by employing
piezoelectric elements in the construction of the mem-
brane or support structure. The piezoelectric elcinent
may bea thin polymeric film, much similar to that nor-
mally used for the inflatable membrane itself. A pos-
itive or negative electric field applied to the piezofilin
creates a mechanical strain proportional to that field.
This provides the ability to induce controlled on-orbit
dimensional changes in gores of the antenna itself or
its attachments in order to optimize the reflector per-
formance. ‘lie technique is suitable, not for making
large focal length changes, but for making small sym-
metric Or unsymmetric local adjustments. As such it
could complement the variable pressure approach of
Ref. [2]. Some theoretical aspects of the present tech-
nique has been examined in an earlier paper [4]. Its
feasibility is further explored in the present paper by a
combination of laboratory experiments and numerical
simulations using simple configurations, as well as nu-
merical simulations and trade studies using the more
realistic design concept of Fig. (I).

II. Actuated Inflatables:

The ability to make small shape corrections in an
inflated structure is considered here by integrating the
actuation mechanisin in the inflated membrane itself
or in its support structure. Since in most cases the
support structure is likely to be aso an inflatable mem-
brane, this section will deal with distributed piezoelec-
tric actuation of membranes.

1. Distributed Piezoelectric Actuation: The
phenomenon of piezoelectricity couples the electrical
and mechanical properties of certain materias. Poly -
mers, for example, are comprised of many randomly
oriented positive and negative dipoles. “I’heir piezo
property can be induced through a one-time applica-
tion of a sufficiently high voltage a high temperature,
which results in permanent polarization of the dipoles.
The process, called “poling”, locks in the piezoelectric
effect anisotropically, aong and norma to the poling
direction. Once poled, the strains will depend not only
on the applied stress, but also on the applied electric
field and dielectric displacement. The coupled elec-
tromechanical constitutive relations then take the gen-
eral form [5]:
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G = SS-[",’" Otm 4&51‘; En (l)
The first equation describes the “direct” piezoclectric
effect and states that the dielectric displacement vector
D depends upon the stress tensor o and electric field
FE through the piezoelectric coeflicient matrix d and
the permittivities 5, respectively. On the other hand,
the second equation describes the”converse” piezo-
electric effect and states that in presence of an electric
field F, the strain tensor ¢ depends upon the applied
stress tensor o as wellas the electric field through the
elastic compliance s and the piczoelectric coeflicients
d, respectively. In both equations, the superscript T°
indicates transpose. Other superscripts indicate that
the coefficient in question is evaluated at a constant
value of the superscript.

In polymeric films, piezoelectricity is introduced
by poling in the “3"-direction. This is the direction of
the normal to the plane of the film. By constructing
an inflatable component from this piezoelectric filin, a
subsequent application of voltage to the film will in-
duce a distributed in-plane actuation strain field in
addition to the existing strains due to inflation pres-
sure. From the second of Eq. (I), the components of
strain at a point in the film are then obtained from:

€11 = §31011 + 812022 + d31 Fi3

€22 = 822022 + 512011 + day Py
€12 = 844012 + d1aFy (2

Thus, the in-plane piezoelectric constants d,,, d3» arc
exploited in inflated membranes as ameans of inducing
a desired state of in-plane membrane strains, sufficient
to correct a prescribed amount of out-of-plane defor-
mations. The d.,, d, constants describe the strains in




the in-plane directions “ 1“ and “2”, respectively, when
an electrical field is applied in the thickness direction
“3". in the presnt application, ¥2= O.

Piezoelectric films are now commercially available
off-the-shelf. They are typically employed as sensors in
devices for a wide variety of applications, e.g. pressure
sensors. Their use in distributed sensing and control
has been investigated only recently [6]. The piezo filin
used hereis a polyvinylidene fluoride semicrystalline
resin (ak.a. PVDF), known by the trade name Kynar.
The film comes in various thicknesses, with a very thin
metal layer deposited on each side to provide electrica
connection.

2. Experiuments: The purpose of the laboratory
experiments that follow is to explore the advantages
and limitations of these filinsasinflatables with built, -
in distributed actuation ability, suitable for correcting
shape aberrations. The test configurations are kept
simple to minimize costs and test variables. Thus in-
stead of the relatively complex inflatable structure of
Fig. (1), the actuation ability of piezoclectric filins
was explored experimentally on the inflated circular
membrane and closed tube configurations in Fig. (2).

Figure (2a) shows two circular membranes, ini-
tially flat and rigidly clamped along their 10. in di-
ameter boundary. inflation pressure is introduced in
the air spat.c between the two membranes. Because
of the rigid boundary conditions, each membrane de-
forms under pressure independent from the other. As
acheck on the test/analysis results (to be discussed
later), one meinbrane was chosen to be 0.001 in mylar
(isotropic), and the other a 0,002 in Kynar membranc
(anisotropic), comprised of approximately 0.0015 in
basic PVDF film, on which two layers (.0005 in total
thickness) of silver ink metallization are deposited (one
layer on each side for electric contact). As the inflation
pressure is c.hanged, the deforined shape of each inem-
brane relative to the flat undeformed configuration is
monitored a the center and four other points on each
membrane. Up to 0.5 psi internal pressure was ap-
plicd, and the corresponding lateral deforinations (up
to 0.5 in) were measured using dial gage type sensors.
When up to 300 volts were applied to the pressurized
Kynar membrane, additional lateral mecmbranc defor-
mations of the order of 0.001 in were recorded using
eddy current, sensors.

The tube in Fig. (2b)is mnade of the samne0.002 in
Kynar membrane with the ” 1“-axis parallel to the tube
axis (i.c.ds1 is along thelongitudinal direction). Sep-
arale strips of conducting piezo arc created by chem-

Figure 2: Picroelectric Actuated Test Components
(a) Circular Membrane, (b) Tube




ically etching thin strips of the metallization on both
sides of the film. The tube is closed at each end with a
12 inplastic disk. During the experiment, the bottom
end of the tube is rigidly fixed and the deformations
a the top free end are monitoredin three directions
as the inflation pressure (up to 1.0 psi) is applied, sep-
arately or in addition to electric fields applied individ-
ualy to the metallized strips.

111, Amdysis/Test Results:

Analysis was also performed to corroborate the
results of tests described above, and to examine the
applicability of the concept to more practical config-
urations. Consistent with the fact that the stiffness
of inflatable structures is largely dependent upon the
internal pressure, the analysis method assumes large
elastic deformations with small membranest rains. For
this purpose, the nonlinear finite element analysis ca-
pability InNASTRAN was found to be sufficiently ac-
curate.

1. Inflation Pressure Only: in Fig. (3), the
test center deformation on the mylar side of the circu-
lar membrane (Fig. 2a) is compared to two indepen-
dent analysis methods; NASTRAN’s nonlinear analy-
sis, and the series solution of Ref. [7]. Bothmethods
of analysis give almost identical results, which tend
to be approximately 10% differ than the test results.
inaccuracy in the mylar’s eastic modulus value used
in both analyses (0.5375 x 10°pd), is the most likely
reason for the discrepancy.

2. Piezoclectric Actuation: In the piezo actu-
ated tests, the Kynar membrane in Fig. (2a) is first
inflated then subjected to an electric field through the
leads. The applied voltage was varied from zero to
300 volts, and from zero to -300 volts. A series of
such tests was performed at different inflation pres-
sures (pi= 0.1, 02, 0.3, 0.4, and 05 psi). The de-
formed inembrane surface Ay at pressure pi is used
as a reference, from which additional deformations ép;
due to the applied voltage arc measured. Figures (4a,
4b) together show typical results for inflation pressure
Pi= 0.2 psi, in the form of applied voltage and cor-
responding deformations at the center and four other
locations indicated in Fig. (2a). As seen from Fig. (4),
the hysteresis is elastic and recoverable. Here, positive
voltage induces negative strain (shrinkage), and nega-
tive voltage induces positive strain (stretching).

As a measure of the rate of deformation per volt
for the present test configuration, the average slope
of the hysteretic curve for the center deformation was
computed. For inflation pressures ranging from 0.1 psi
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Figure 3: Analysis/Test Comnparison of
Inflated Circular Membrane

to 0.5 psi, the average rate was found to range from
4.1 x 10°to 3.6 x 10°in/volt. Larger rate corre-
sponds to lower inflation pressure. These test values
arc compared bellow to the analysis results.

Referring to Eq. (2), one observes that the piezo-
electic strains, d, F3 and dsz2F3, behave numerically
analogous to thermal strains of the form, --a3; Al' and
—a3AT, where Al' is the change in temperature, and
Cr,,, @32 are anisotropic expansion cocflicients in di-
rections “ 1“ and “2”, respectively. This analogy was
exploited in the numerical simulation of the piezo ac-
tuated inflated membrane. Thus in NASTRAN’s noun-
linear analysis simulations, large membrane deforma-
tions are computed iteratively under a simultaneously
applied inflation pressure pi and temperature change
Al', the magnitude of which is chosen such that;

ds1 F3 = a31AT, and dsF3 = a3zAT (3)

The following values were used in Eq. (3) and the anal-
ysis: d3; = 0.9 x 10°in/infvolt/in, d,= 0.117 x
1 0°in/in/volt /in, Klastic modulus= 0.29 x 10® psi,
a3 = 28.0 x 10~ %in/in/F°, and @32= 4.0 x
1 O0°in/in/F°. Note that both d,,, d,should be
divided by the membrane thickness before their use in
Eq. (3). For comparison with the test results in Fig
(4), the rate of center deformation per volt was com-
puted from the analysis and were found to range from
13.9 x 10~ %in/volt to 8.2 x 10~%in/volt for inflation
pressures ranging from 0.1 psi to 0.5 psi. Consider-
ing the good analysigtest correlation in Fig. (3), the
discrepancy of about a factor of three may be due to
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Figure 4: Piezoactuated Deformation of
inflated Circular Membrane
At Center and Points Marked in Fig. 2a

inaccuracies in values of the material constants listed
above. According to the manufacturer, measurement

of dsz can be made much more accurately than for
d31! d32'

As in the circular membrane, piezo actuation tests
of the tube in Fig. (2b) were performed by applying
voltage to the leads of the aready inflated tube, with
the bottom end rigidly fixed. To simulate line-of-sight
adjustments of the free end of the tube relative to the
fixed end, an equal and opposite voltage was applied
to the leads of only two strips on opposite sides of the
tube. The deformations é,; due to the applied voltage
aone are then measured at the three degrees of free-
dom at the free end. Figure (5) is an example of these
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Figure 5. Piezoactuated Deformation
AtlreeFnd of Inflated Tube

measurements at pressure p; =1.0psias the voltage is
varied. Here again the deformation rate per volt was
computed from the test data at the latera degree-of-
freedom for pi = 0.5, ,0.6, 0.7, 0.8, 0.9, andl .0 psi
and was found to range from 12.0x 10~ ¢to 11.1 x 10~ 5
infvolt. ‘I"’he analysis followed the same procedure de-
scribed above for the circular membrane, and discrep-
ancies of the same order (factor of 3) was aso encoun-
tered for the tube configuration. Figure (6) is an ex-
ample of the analysis simulation results of the piezo
actuated line-of-sight adjustment.

1V. Piezocontrol of Antenna Systemn:

The antenna system in Fig.(7) is a finite element
idealization of Fig. (1) without the tripod. The ax-
isymmetric parabolic antenna membrane has a diamn-
eter 1) =120.0in, F/D = 0.5, thickness = 0.00025 in,
and is inflated and taut at the outer edge by 16 tie-
rods to a thin-walled torus. The nominal dimensions
of the tic-rods are: length = 6.0in, area = 0.03in?, and
those of the torus are: radius of centerline =72.0in,
tube radius d. =6.0in, and thickness t;= 0.02in.
The surface accuracy of the inflated parabolic antenna
depends upon several parameters such as the initia
uninflated shape, inflation pressure, edge conditions
at the torus interface, elastic interaction between the
parabolic membrane and the supporting torus, im-
perfections in the fabrication process of any of the
above components, and the operating conditions in
space. On-orbit correction of deviations from the de-
sired shape can be implemented by severa piezo actu-
ation methods. These are discussed next.



Figure 7: Finite Element localization of
Inflated Parabolic Antenna/Torus Systemn

1. Simulations: In the following simulation sce-
nario, weassume that aberrations in the antenna sur-
face aretheresult of out-of-plane circumferential si-
nusoidal distortion of the torus centerline from the
XY-plane in the form: d, = d,sin36, with zero val-
ues at the three interface points to the supporting tri-
pod, Such imperfection in the torus will give rise toa
deforined state, u?, of the inflated antenna which dif-
fer from the deformed state, u®, had the torus been
perfect. Then the vector of aberrations we wish to
correct is taken to be: u*=(u? -u”). Only deforma-
tion components in the Z-direction (parallel to axis of
symmetry) at the nodes on the parabolic membrane

are included in u'.

One approach to correct the aberrations u* on-
orbit is by introducing controlled amounts of piezo ac-
tuated strains along axes of the tie-rods. 10 achieve
the beat correction, the actuation gain (magnitude of
voltage or displacement induced in each tie-rod) must
be optimally distributed among the tie-rods.

Let n. = number of degrees of freedomn in the con-
trolled set u*, and ng., =number of possible actuators
(here 16 tic-rods). Also let:

S =(ngx ng.p) Matrix of influence coefficients,
each column of which represents the deformation
stale at the n, control d.o.f due to a unit actuation
gain a one actuator location,

A,=(nap x 1) vector of unknown actuator gains,

Then, the deformations u at the same n. con-
trolled d.o.f. due to applying a combination of ac-
tuation gains A, at the tie-rods is:

u==SA, (4)

Now the unknown gains A, may be determined opti-
mally in aleast sguare sense by requiring, u* - u = O,
so that; N

A, =(ST8) 15Ty (5)

in general, it may be desirable to use fewer ac-
tuators n, than the total number of possible actua-
tor locations ngp,. In this case, the actuator locations
should be also selected optimally. Sincethe actuator
locations are discrete variables, a discrete optimization
technique such as the simulated annealing algorithm
[8] may be used for selecting the optimal actuator lo-
cations and gains. The agorithm is iterative. It does
not require gradient information, and is designed to
avoid getting trapped in local minima. During a typ-
ical kth iteration, the algorithm selects n, out of all
possible ng, actuator locations. Let,

J(j) = the integer vector of n, location indices
i =1, ...,n, such that J;(j)€ nap specifies the
ng locations selected during the current simulated
annealing iteration, and

By = (nap xn,) location selection matrix, whose
bij elements are either “one’ or “zero” depending
upon whether or not i = Jg(j) for any j and for
i= 1,..., nap-

Then, analogous to Kqs. (4,5);

U = SkAok
Sk = S‘Bk
Aor = (STSu)'STw (6)

As a measure of the proximity of ug to u*, the a-
gorithm seeks the best actuator locations J;(j) with
optimal gains Aek(3), 5 = 1, . - n, which minimize
the normalized rms error:
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2. Analysis Results: Results of the numerical
implementation of the methodology described above
arc given here for different cases that differ in the num-
ber of d.o.f. included in the control set u*, and in the
number of actuators used to perform the shape adjust-
ment. For al cases, the rms of the control d.o.f.in u*
is1.28 x 10-3 in. ‘1I'able 1 summarizes the optimiza-
tion results when the number of control d.o.f in the
u* set ate n.== 17, 25, and 49, Thespecific choice
of members of these sets is shown in Fig. (8), and
wasmade to represent progressively finer granularity
in the number of sensors one may usc in monitoring
the shape of the antenna. Notice that the intentional
choice of n.(17) € n.(25) € n.(49), does not guaran-
tee that the resulting optimal locations (see ‘1'able 1)
satisfy the same relation, n,(4) € ny(8) € n,(16).

The effect of increasing the number of control d.o.f.
n. to be monitored and the number of actuators n, on
the ability to adjust the antenna errors is shown in Ta-
ble 1 and Fig. (9). As one may expect, more accurate
adjustment is possible as more actuators arc brought
to share in the process, and as one tries to enforce the
adjustment at a fewer number of d .o.f. Converse] y, the
accuracy deteriorate as one tries to use the same num-
ber of actuators to enforce adjustment of shape at a
larger number of d.o.f. The idea situation is when the
number of actuators and number of control d.o.f. arc
equal, ng = n., in which case exact adjustment of the
shape is assured. It should be realized, however, that
achieving higher degree of adjustment accuracy at the
d.of. included in u* does not guarantee equally high
accuracy at d.o.f. excluded from u“. The latter may
become even worse. It is important, therefore, that
the control d.o.f. be selected judiciously.

Rather than volts, the optimal actuator gains in
Table 1 represent displacements (or travel) which the
actuators must provide. The usc of piezo films to pro-
vide this level of displacement in the tie-rods would
require their redesign. however, off-the-shelf PZT ce-
ramic actuators are usually capable of up to 4 x 10-3 in
travel. ‘1'bus, except for the case when, n,=16,n.=
17, one could use existing PZT ceramic actuators.
Otherwise, the act uator design must be modified for
specific applications. Of course, design limitations will
have to be imposed on their energy consumption and
weight.

Figure 8: Control d.o.f. and Tie-rod Locations
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3. Other Actuation schemes: Rather than in-
ducing piezo strains in the tic-rods to correct the aber-
rations in the inflated membrane, another approach
may be to induce the piezo strain directly in sectors
(gores) of the parabolic membrane. This would be
similar the experiments discussed in Sec. 11. Electric
separation of the different sectors or regions is easily
achieved by chemical etching of the metal libation. This
approach has the advantage of increasing the number
of possible actuation regions, n,, thereby reducing the
required voltage.

A third approach involves application of piezoelec-
tric moments locally at different locations along the
circumference of the torus, Such moments would cor-



rect distortions in the torus directly. This scheme was
attempted on the system of Fig. (7), but was aban-
doned because it reguired too high voltage to deforin
the relatively very stifl torus.

V. Concluding Remarks:

The concept of using induced piezo strains to con-
trol on-orbit dimensional changes in elements of in-
flatable structures was investigated here analytically
and experimentally. Off-the-shelf material was used
to construct relatively simple laboratory experiments.
Feasibility of the approach was demonstrated qualita-
tively. However, due to inaccurate knowledge of the
anisotropic piezoelectric coefficients of the piezo film,
afactor of three discrepancy was found betweenthe
analysis and test results. More accurate characteriza-
tion of these constants is required.

For a 10.0 in diameter, 0.002 in thick membrane,
out-of-plane center deformation of atrout 0.0012 in was
obtained during the experiment when about 300 volts
were applied. One would expect this deforination to
scae directly with diameter. ‘1'bus, the demonstrated
piezo induced deformations would be of the order 0.05
irr for 14-meter diameter F/I system, such as the in-
flatable reflector to be flown on the Inflatable Antenna
Experiment of Ref. [9]. Manufacturing tolerances have
been shown to cause focal length changes on the order
of several inches for a 14-meter diameter antenna. So,
the demonstrated piezo approach would not be appro-
priate for this level adjustments. On the other hand,
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